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Summary
In mammals, the principal circadian pacemaker driving daily
physiology and behavioral rhythms is located in the supra-
chiasmatic nucleus (SCN) in the anterior hypothalamus [1].
The neural output of SCN is essential for the circadian regu-
lation of behavioral activity [2, 3]. Although remarkable prog-
ress has been made in revealing the molecular basis of circa-
dian rhythm generation within the SCN [4–6], the output
pathways by which the SCN exert control over circadian
rhythms are not well understood. Most SCN efferents target
the subparaventricular zone (SPZ), which resides just dorsal
to the SCN [7, 8]. This output pathway has been proposed as
a major component involved in the outflow for circadian reg-
ulation [9, 10]. We have examined the downstream pathway
of the central clock by means of multiunit neural activity
(MUA) [11] in freely moving mice. SCN neural activity is
tightly coupled to environmental photic input and anticorre-
lated with MUA rhythm in the SPZ. In Clock mutant mice ex-
hibiting attenuated circadian locomotor rhythmicity [12–14],
MUA rhythmicity in the SCN and SPZ is similarly blunted.
These results suggest that the SPZ plays a functional role
in relaying circadian and photic signals to centers involved
in generating behavioral activity.
Results and Discussion
Circadian Rhythms of MUA in the SCN and SPZ
We implanted single bipolar electrodes into either the SCN or
SPZ to monitor the long-term MUA from 26 mice (Figure S1).
MUA, recorded in the SCN, displayed clear daily rhythms
when animals were exposed to LD cycles and exhibited free-
running circadian rhythms when animals were placed in con-
stant dark (DD) (Figure 1A) [15, 16]. The peak in MUA occurred
in the middle of the day (in LD) or subjective day (in DD), and in
antiphase with locomotor activity. The SPZ also showed clear
daily or circadian rhythms (Figure 1B). In contrast to the SCN,
the SPZ exhibited circadian rhythms with peak activity*Correspondence: takumi@obi.or.jpoccurring at night or during the subjective night (DD), closely
mirroring locomotor activity. Neural and locomotor activity of
freely moving mice displayed free-running rhythms under
DD. The onset of locomotor activity and the peak of MUA
shifted gradually earlier relative to the clock time, revealing
a free-running circadian rhythm with a period shorter than
24 hr (Figures 1A and 1B and Figure S2). For the population of
animals with recording electrodes in the SCN, the free-running
period of locomotor activity was 23.38 6 0.47 hr (mean 6 SD,
n = 7) and a period of neural activity was 23.35 6 0.41 hr,
whereas the free-running period of animals with an electrode
in the SPZ was 23.59 6 0.45 hr (n = 6) for locomotor activity
and 23.66 6 0.42 hr for neural activity. There were no signifi-
cant differences in free-running periods between locomotor
and neural activity in each group [two-way ANOVA, F(1, 11) =
0.281, p = 0.607]. A correlation can be seen among behavioral
activity and MUA in the SCN and SPZ when the mice were
given a single light pulse under DD. A 1 hr light pulse in the
early subjective night induced firing in the SCN (Figure 1C).
In contrast, the MUA in the SPZ decreased in response to
a light pulse during early subjective night (Figure 1D). Locomo-
tor activity was suppressed during the light even though it
coincided with the active phase of the locomotor rhythm (Fig-
ures 1C and 1D). The direction and magnitude of phase shifts
evoked by a single light pulse in behavior were similar to the
phase response in MUA. (Figure S2).
Re-Entrainment Kinetics in the SCN and SPZ
Mice entrained to a 12 hr L:12 hr D cycle initiated daily locomo-
tor activity at lights off (Figures 1–4). After a shift in the light
schedule, circadian rhythms began to re-entrain to the new
LD cycle, although a complete readjustment took several cy-
cles. To explore the resetting kinetics of the SCN and SPZ,
we monitored the MUA during the readjustment after a phase
advance in the light schedule. On day 1, after the 8 hr advanced
schedule, light onset occurred in the former night (120 hr in
Figure 2). In response to light onset during the original dark
phase, MUA in the SCN was initially elevated and locomotor
activity was suppressed (Figure 2A). Despite the continuing
illumination, within a few hours SCN activity decreased. A
second elevation in impulse frequency was observed at
a time corresponding to the original light phase (128–140 hr
in Figure 2A). On day 2, SCN activity showed a similar profile
as in day 1, although the second peak in impulse frequency
gradually was advanced. It took 5 or 6 days for complete re-en-
trainment to the new LD cycle. In contrast to the SCN, acute
suppression of MUA occurred in the SPZ on day 1 of the ad-
vanced schedule light (120 hr in Figure 2B). The period of
elevated MUA in the SPZ, which occurred primarily during
the dark phase, was compressed during the resynchronization
period, becoming broader as re-entrainment occurred. During
the period of phase readjustment, locomotor activity occurred
in response to the onset of dark, which is a direct effect of
the light-to-dark transition. This burst of locomotor activity
was clearly observed around 132, 156, and 170 hr (see
Figure 2B); however, elevation of MUA in the SPZ did not oc-
cur. Suppressed MUA in the SPZ was correlated with elevated
levels of MUA in the SCN not only during entrainment but also
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382Figure 1. Circadian Rhythms in the SPZ Are Anticorrelated with Those in the SCN
Shown are daily and circadian rhythms of MUA in the SCN (A) and SPZ (B). Representative serial-plotted actograms of neural and locomotor activity. Lighting
condition is indicated at the top of the figure; open bars are light phases and closed are dark. Bottom trace represents simultaneous recorded locomotor
activity. The number of spikes for MUA or activity counts for locomotor activity was counted every minute and integrated every 6 min. Four hour data plots
marked by thick lines in (A) and (B) were magnified in (C) and (D), respectively. Both MUA and locomotor activity were plotted in 1 min bins.during the time of readjustment after a shift in the light
schedule.
Circadian Rhythm in the SCN and SPZ ofClockMutant Mice
To explore further the dynamics of the interaction of the SCN
and SPZ, we next examined the MUA rhythm of Clock mutant
mice [12]. Clock is a semidominant mutation that lengthens
a circadian period by 1 hr in heterozygotes. In homozyotes
(Clock/Clock) the locomotor rhythms are unstable or, in
some animals, absent, when mice are placed in constant dark-
ness [13, 14]. Under an LD cycle, similar to what is seen with
wild-type mice, Clock/Clock mice exhibited elevated MUA
during the day in the SCN and at night in the SPZ, coincident
with elevated locomotor activity at night (Figures 3A and 3B).
When released into DD, Clock/Clock mice failed to exhibit
circadian rhythmicity in locomotor activity and also failed to
display a daytime increase in MUA in the SCN (Figure 3A and
Figure S3A). In contrast, the large, daily suppression of SPZ
MUA disappeared (Figure 3B and Figure S3B).
As previously reported ultradian rhythms [12] were apparent
in both locomotor and MUA. In the SCN, the periods of ultradian
rhythms of locomotor activity and MUA were 6.086 0.97 hr and
5.896 1.18 hr (mean6 SD, n = 3), respectively, whereas those
in the SPZ were 5.946 1.34 hr and 5.046 1.38 hr (n = 4), respec-
tively. The correlation coefficients between locomotor activity
and MUA in the SCN and SPZ were 0.54 6 0.11 (mean 6 SD,
n = 3) and 0.61 6 0.03 (n = 4), respectively, indicating that
MUA both in the SCN and SPZ are tightly in-phase with locomo-
tor activity. In DD, a 6 hr light pulse induced SCN activity
(254–260 hr in Figure 3A) and suppressed activity to typical‘‘day-time levels’’ in the SPZ (260–266 hr in Figure 3B). When
animals were returned to an LD cycle, the 24 hr behavioral
rhythms reappeared, suggesting that the photic cycle essen-
tially may enter into the SCN-SPZ pathway to control the daily
rhythm of locomotor activity. Unlike wild-type MUA in the SCN
and SPZ (Figures S4A and S4C), in which changes in neural im-
pulse frequency occur prior to the onset and offset of light, the
records of Clock/Clock mice appeared reflexive to the onset
and offset of light (Figures S4B and S4D), suggesting the
impairment of a functional clock in the SCN.
Resynchronization in the Clock Mutant SCN
InClock/Clock mice, the absence of a circadian rhythm of SCN
and SPZ neural activity in DD suggested an impaired circadian
output in the SCN. Nonetheless, our data indicate that photic
input continues to influence the neural output of the SCN
even in the absence of endogenous rhythmicity in Clock/Clock
mice. We compared the locomotor activity of wild-type and
Clock/Clock mice in response to a 6 hr phase advance in the
LD cycle. There was no significant difference between wild-
type and Clock/Clock mice in the time of activity onset before
a 6 hr phase advance of the light schedule (Figures 4A–4D;
wild-type: 20.16 6 0.19 hr, mean 6 SD, n = 7; Clock/Clock:
20.566 0.84 hr, n = 9; t test, p = 0.235). When the lighting cycle
was advanced 6 hr, wild-type mice re-entrained progressively
over 6 days (Figures 4A and 4C). In contrast, Clock homozy-
gotes synchronized almost completely at the first onset of
darkness (Figures 4B and 4C). The significant genotype 3
day interaction [two-way ANOVA, F(11,154) = 17.115,
p < 0.001] indicates that the rate of synchronization was faster
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383Figure 2. Re-Entrainment of the Circadian Rhythm to 8 hr Phase Advance in the Light Cycle
Shown are representative serial plotted actograms of locomotor and MUA in the SCN (A) and of locomotor and MUA in the SPZ (B). Mice were subjected to
8 hr phase advances on days marked with an open triangle (at 120 hr). Data were plotted in 6 min bins. Red and green are smoothed lines by Fast Fourier
Transform (FFT) filtering. The smoothing is accomplished by removing Fourier components with frequencies higher than 1/180 min.Figure 3. Impaired Circadian Rhythms in Clock/Clock mice
Impaired circadian rhythms of MUA in the SCN (A) and SPZ (B). Representative serial plotted actograms of locomotor and MUA in Clock/Clock mice that did
not show circadian rhythmicity in DD. After five cycles in LD, mice were released to DD. In DD both Clock mutant mice failed to exhibit persistent circadian
rhythms in locomotor activity. After 138 hr (A) or 144 hr (B) in DD, mice were exposed to 6 hr light then returned in LD cycle. Nocturnal rhythmicity in locomotor
activity recovered during the first complete cycle.
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synchronization of locomotor activity in each genotype was to-
tally parallel to MUA in the SCN. MUA in the wild-type SCN re-
quired a transient period of several days to re-entrain to an ad-
vanced LD cycle (Figure 4E), whereas that in the Clock/Clock
SCN failed to exhibit transient behavior (Figure 4F). The near
instantaneous synchronization of the Clock/Clock SCN sup-
ports our belief that MUA in the Clock/Clock SCN is being
directly modulated by photic input without the intervention of
a circadian clock.
The Role of the SPZ in Circadian Regulation
Previously, Lu and colleagues reported that ventral SPZ le-
sions markedly diminished the circadian rhythm of locomotor
activity, suggesting the importance of this area for the circa-
dian output pathway from the SCN [9]. This is the first report,
based on in vivo MUA recordings, to show evidence of a func-
tional correlation between SPZ and the SCN. Furthermore, the
close correlation between the circadian rhythm in SPZ
Figure 4. Re-Entrainment of Mouse Circadian Rhythms to 6 hr Phase
Advance in the Light Cycle
(A and B) Shown are representative double-plotted locomotor actograms of
wild-type (A) and Clock/Clock mouse (B) to 6 hr phase advance on days
marked by triangle. (C and D) Locomotor activity onset before and after
the 6 hr advance for wild-type (C) (n = 7, mean 6 SEM) and homozygote
Clock mutant mouse (D) (n = 9). (E and F) Double-plotted actogram of
MUA in the SCN. Each of the three individual recordings was normalized
with 24 hr moving average and integrated in wild-type (E), n = 3) and Clock
mutant mice (F) (n = 3). Integrated data were plotted in 30 min bins; error
bars represent SEM. Phase markers of peak activity are plotted by open
circles.electrical activity and locomotion suggests that the SPZ is an
element in the pathway by which the SCN controls the timing
of locomotion. The light-suppressed MUA we found in the
SPZ may result from direct input or from input from the SCN
[17, 18]. Although it is still puzzling that MUA in both the SCN
and SPZ is tightly in-phase with ultradian locomotor activity
in Clock mutants, the SPZ may not exclusively passively re-
spond to SCN circadian timing signals but also may entrain
or be driven by direct retinal input.
In this study, we developed in vivo neural activity recording
of mice and further analyzed Clock mutant mice in which one
of the key components of circadian clock was impaired. The
recent technology of using genetically manipulated mice with
inducible and region-specific gene knockout or rescue is pro-
viding new capabilities in establishing the relationships be-
tween genes and circadian behavior [19–21]. Combining these
techniques with in vivo recording methodology should enable
us to begin to link specific genes to brain regions and the
behaviors that they control.
Experimental Procedures
Animals
Male wild-type and homozygote Clock mutant mice [12] were used in this
study. A breeding colony of Clock mutant mice on a BALB/c background
has been developed by using mice originally supplied by Dr. J.S. Takahashi
(Northwestern University). Genotypes were determined for each individual
by using a PCR mutagenesis method before surgery [22]. The breeding col-
ony was kept on a 12 hr light:12 hr dark cycle (light on at 0800 hr); food and
water available ad libitum; light intensity of w200 lux at cage level. Pups
were weaned at 3 weeks of age and group housed with same-sex littermates
in the colony room until at least 11 weeks of age. The protocols used for all
animal experiments in this study were approved by the Animal Research
Committee of Osaka Bioscience Institute.
Surgery and In Vivo Multiunit Neural Activity Recording
The experiments were performed with the technique developed by Yama-
zaki et al. [11] for hamsters with minor modification for mice. Bipolar elec-
trodes were constructed from pairs of Teflon-coated stainless steal wires
(bare diameter, 75 mm; tip distance,w120 mm; A-M Systems, WA) and an un-
coated platinum-iridium wire (diameter, 75 mm; A-M Systems) was used as
a signal ground in the cortex. Wires were connected to a 5 pin receptacle
(1.25 mm pitch; Morex, Taipei Hsien) wrapped in insulated copper tape.
Mice weighing 23–32 g were anesthetized with Ketamin/Xyladine
(50 mg/kg / 20 mg/kg i.p.) or sodium pentobarbital (50 mg/kg i.p.) and placed
in a stereotaxic apparatus (Narishige, Tokyo). The dorsal aspect of the
parietal bones was exposed and cleaned. One hole was drilled around the
bregma in the parietal bones. The electrodes were inserted into the brain,
aimed at the SCN (0.4 mm posterior and 0.2 mm lateral to the bregma,
5.8 mm depth from the skull surface) or SPZ (AP 20.5 mm, L 0.2 mm and
5.6 mm depth), and attached directly to the skull with orthodontic bond
(3M Unitek, CA).
Aftersurgery, eachmousewas transferredtoanopen-top,410mm(width)3
260 mm (length) 3 270 mm (height) cage with a running wheel 170 mm in
diameter mounted on one side. The light intensity in the recording chamber
was 130 lux at cage level. The mice were allowed at least 1 week to recover
from the surgery. Thereafter, the electrodes were connected to head stage
buffer amplifiers (TL082; Texas Instrument, TX) located on the mouse
head. Buffer amplifiers were connected to a slip ring (Biotex, Kyoto) that
allowed free movement for the animal. Output signals were processed by
differential input integration amplifiers (INA 101 AM; Burr-Brown, AZ;
gain, 310) and then fed into AC amplifiers (band-pass, 500 Hz to 5 kHZ;
gain, 310,000). Spikes were discriminated by amplitude and counted in 1
min bins by using a computer-based window discrimination system (KPCI-
1801HC; Keithley Instruments, OH). The number of spikes was stored every
a minute.
At the conclusion of the experiment, each animal was anesthetized, and
a positive current (1 mA; 60 s) was passed through the recording electrodes.
The brain was removed and fixed in 4% paraformaldehyde in 0.1 M phos-
phate buffer containing 5% potassium ferrocyanide (Sigma-Aldrich, MO).
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spots of deposited iron were identified with the recording site.
Locomotor Activity
Simultaneously with neural activity monitoring, the locomotor activity in
individual mice also was detected with a passive infrared sensor (Biotex)
placed 45 cm above the floor of the recording chamber and the locomotor
counts were fed every minute into a multifunctional board (KPCI-1801HC).
Analysis
Data of serial locomotor and neural activity were analyzed by using the
ClockLab data analysis software (Actimetrics, IL) to generate actograms
and average waveforms [23]. Activity onset of behavior and acrophase of
neural activity were used as phase markers, and least-squares fits were ac-
complished with ClockLab, which caluculatd circadian periods. Detection
of a circadian rhythm and calculation of ultradian periods were done by
a c2 periodogram [24]. The significance of the differences between means
was determined by two-way ANOVA or by unpaired t test, as appropriate.
p < 0.05 was considered statistically significant.
Supplemental Data
Four figures are available at http://www.current-biology.com/cgi/content/
full/18/5/381/DC1/.
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